SYNOPSIS Twenty-seven specimens of human tissue, obtained by operation, were tested to evaluate the theory that iron uptake by tissues from serum is greater when transferrin is nearly completely saturated than when the degree of saturation is normal.
In most cases ofsiderosis in the Bantu iron deposits are confined to the liver, the reticuloendothelial system, and the small bowel mucosa (Higginson, Gerritsen, and Walker, 1953; Wainwright, 1957) . There are, however, a few cases in which iron deposits are present in many glandular tissues. Subjects with this distribution usually, but not invariably, have an associated fine cirrhosis of the liver (Bradlow, Dunn, and Higginson, 1961; Isaacson, Seftel, Keeley, and Bothwell, 1961; Buchanan, 1967) . The fact that the widespread deposits of iron in tissue of epithelial origin occasionally occur in the absence of cirrhosis and are uncommon in subjects with postnecrotic cirrhosis (Isaacson et al, 1961; Buchanan, 1967) suggests that cirrhosis itself is not responsible for this phenomenon. Jandl, Inman, Simmons, and Allen (1959) have shown that the uptake of iron bound to transferrin by rat liver slices is greater when the saturation of transferrin is more than 600% than when it is less.
Inspired by this work Bothwell (1964) findings in a small series of African patients some of whom were known to have a high, and others a normal, percentage saturation of transferrin during life. In those with the high percentage saturation, extrahepatic epithelial deposits or iron were heavy, while in patients with normal percentage saturation such epithelial deposits were either scanty or completely absent (Buchanan, 1967) . Furthermore, in the iron storage diseases, idiopathic haemochromatosis and transfusional siderosis (Cappell, 1958-59) , in which epithelial deposits of iron are extensive, the percentage saturation of transferrin is high. The following investigation was carried out in an attempt to confirm that percentage saturation of transferrin is important in determining iron uptake in human tissues.
MATERIALS AND METHODS
The principle behind the experiment was to incubate thin slices of viable human tissue obtained at operation in the patient's own serum. In each case the serum was so treated that in one tube the transferrin was approximately 50% saturated with iron while in a second tube it was approximately 90% saturated. The iron added to the transferrin contained 59Fe. The radioactivity of the tissue slices was 296 measured and compared with a standard and from this the iron uptake by the tissue was calculated. In order to obviate the errors due to non-specific trapping of radioactive serum in the intercellular spaces of the tissues, the serum in the second tube was first so prepared with nonradioactive iron that the same amount of radioactive iron could be added to both tubes to produce approximately 50% saturation in one tube and approximately 90% saturation in the second. This meant that the amount of radioactivity in both pieces of tissue due to nonspecific trapping of serum would be approximately the same (if allowance were made for any difference in weight of the tissue) and thus any difference in radioactivity would presumably be due to difference in uptake of radioactive iron by the tissue cells.
Patients were unselected, except in so far as it was necessary to know of the time of the operation at least one day before the test in order to prepare the serum.
The detailed procedure was as follows: approximately 60 ml of blood was withdrawn from the patient and the serum separated. The serum iron was estimated by the method of Bothwell and Mallet (1955) and the unsaturated iron-binding capacity by the method of Bothwell, Jacobs, and Kamener (1959) . Eight ml of serum was measured by pipette into each of two 10 ml polythene tubes which had been previously washed in acid, well rinsed with deionized water, and dried.
Two solutions of ferric ammonium citrate were prepared by the method described by Bothwell et al (1959) for use in the estimation of unsaturated ironbinding capacity with the following modifications. In solution 1 no 59Fe was used in preparing the ferric ammonium citrate and in solution 2 about 100 lc 59Fe was used to prepare the ferric ammonium citrate.
The iron content of solution I in this series of experiments was 28 ,g/ml while that of the three preparations of solution 2 was 25, 30, and 32 ,g/ml. The pH value of solution 1 was 8-31 and of the three preparations of solution 2 was 8-84, 9 1, and 9-2. In case there should be much difference in pH between the serum with the low saturation of transferrin and that with the high saturation which could affect the stability of the transferrin-iron system (Surgenor, Koechlin, and Strong, 1949) the pH values of both were measured in a few cases (Table II) .
The mount of iron, x, to be added to the 8 ml of serum to produce approximately 50% saturation of transferrin was calculated from the formula where TIBC = the total iron-binding capacity of the serum and SI = the serum iron, both values being expressed as sug/100 ml serum. The amount of nonradioactive iron to be added to serum B was y -x yg. The volume of iron solution to be added in each case was calculated from the amount of iron required and the iron concentration of the solution by simple proportion.
The non-radioactive iron solution was added to serum B at least three hours before the radioactive solution to allow time for complete stability of the transferrin-iron system. The radioactive iron solution was then added to both sera A and B and the sera allowed to stand at room temperature for about 18 hours before the tissue slices were added. Directly after the iron solution had been added to the serum, they were mixed by repeated inversion of the tubes.
A tissue slicer was constructed on the principle of the Stadie-Riggs microtome (Stadie and Riggs, 1944) . This was designed to cut tissue to a thickness of 0 5 mm.
At the time of operation the equipment was taken to a room adjacent to the operating theatre. As soon as the tissue had been removed from the patient it was taken immediately to the side room and slices cut with the Stadie-Riggs microtome. The slices were rinsed in Krebs-Ringer solution and aliquots placed in the tubes containing the serum. The tubes were transferred to the laboratory and placed on a Matburn rotary mixer which was housed inside an incupator. The tubes were then incubated at 37°C for three hours while undergoing constant mixing.
When incubation was complete the tissue slices were removed from the serum and washed in three changes of Krebs-Ringer solution. They were then dried carefully between two sheets of blotting paper. Each piece of tissue was weighed to the nearest milligram and placed in a boiling tube with 2 ml of concentrated nitric acid. The acid-tissue mixture was boiled for 15 minutes, the tube being attached to a reflux condenser to reduce loss of radioactive iron in the vapour.
The acid digest, when cool, was decanted into a 10 ml polythene tube. The digest was diluted with deionized water to a volume of 4 ml, a mark having previously been made on the tube at that level. The radioactivity of the solution was then measured in a 'well' counter. Each sample was counted for 100 seconds three times and an average of the three counts used for the calculation.
A standard was prepared by measuring a suitable amount of radioactive iron solution (previously referred so as 'solution 2') into an identical polythene tube and the volume made up to 4 ml as with the acid digest.
The iron uptake of the tissue slices, U, in jg iron per 100 mg wet weight of tissue, was calculated from the formula A 100 U -x I x -S TW where A= the number of counts per unit time of the acid digest; S = the number of counts per unit time of the standard solution; I = the amount of iron in the standard solution expressed in micrograms; and TW = the tissue weight in milligram.
A total of 27 different specimens of tissue from 25 individuals were tested. These included the epithelial tissues-liver, thyroid, pancreas, and parotid gland and the non-epithelial tissues-striated muscle, smooth muscle (from bowel wall), myocardium, and spleen. Two different tissues were taken from the same patient in two instances (Table I) .
RESULTS
The iron uptake by the various tissues tested is summarized in Table I . Table II shows that there is no significant difference between the pH values of the sera in which the transferrin was approximately 50% saturated and those in which the transferrin was approximately 90 % saturated.
The uptake of 59Fe from transferrin approximately 90% saturated was greater than that from transferrin approximately 50 % saturated in all samples. This difference in uptake was statistically significant for samples of liver (P<001) and thyroid (P<001) but was not significant for samples of striated muscle. When the uptake by liver was compared with that of thyroid no significant difference was found. The difference in uptake by the epithelial tissues was significantly greater than that of the nonepithelial tissues (P<0-05). Specimens 3 and 24 were from the same patient and specimens 2 and 26 were from the same patient. The difference in uptake of iron (all samples except 27) from transferrin 90% saturated and from transferrin 50% saturated is significant (p<0-001).
The difference in uptake is significant for liver samples (P< 0-01) and thyroid samples (P<0-01) but not for striated muscle (P>0 05). There is no significant difference between the 'uptake' of liver anas thyroid (P>0-05). The difference in 'uptake' by epithelial tissues is significantly greater than that of the non-epithelial tissues (p <0 05). group.bmj.com on October 13, 2017 -Published by http://jcp.bmj.com/ Downloaded from Liver specimen no. 27 is considered separately from the other liver specimens as the patient was suffering from severe iron-deficiency anaemia.
DISCUSSION
Only the difference in uptake of 59Fe by tissues from the two serum samples is considered here, as the method used measured iron in the interstitial tissue as well as that incorporated into the tissue cells. It was impossible to say therefore how much of the 59Fe found in a single specimen was due to cellular uptake and how much was due to non-specific trapping of radioactive serum. It is possible that the uptake of 59Fe by tissues from the half saturated serum transferrin was due largely, if not entirely, to such non-specific trapping.
For simplicity, in the following discussion the difference in uptake of iron by the tissues from serum with the high saturation of transferrin and that with the low saturation is referred to as the 'uptake' by that tissue.
It appears from this experiment that certain human tissues take up iron from serum to a significantly greater extent when the transferrin is almost completely saturated than when it is only half saturated, thus confirming for human tissues the findings of Jandl et al (1959) on rat liver slices. The difference in uptake which was noted between epithelial and non-epithelial tissues is further confirmed by the fact that the uptake by one liver was appreciably greater than that by striated muscle from the same patient and the uptake by a second liver was greater than by spleen from the same patient.
The fact that the uptake by epithelial tissues is greater than by non-epithelial tissues could explain the heavy iron deposits found in the former in conditions with high transferrin saturation, such as haemochromatosis. The iron uptake by the sample of spleen was small yet in most cases of siderosis in the Bantu, and in many of haemochromatosis, the iron content of this organ may be considerable (Sheldon, 1935; Finch and Finch, 1955) . The probable explanation is that the iron found in the spleen in these cases was not derived from serum but resulted from delay in releasing iron from the breakdown of haemoglobin in effete red cells. Such delay may be associated with infections and other toxic conditions (Cartwright, Lauristen, Humphreys, Jones, Merril, and Wintrobe, 1946; Laurell, 1947; Cartwright, and Wintrobe, 1949) .
The absence of any significant difference in uptake between liver and thyroid suggests that the heavy deposits of iron found in the liver in subjects with siderosis may not be due to any specific affinity for iron by that organ but to its proximity to the site of entry of the iron into the body. This theory would presuppose that some of the absorbed iron on reaching the liver was not firmly bound to transferrin and was transferred to the hepatic cells in the same way as the iron from transferrin which was highly saturated. This situation might especially arise if absorption were rapid due to a diet very rich in iron, causing the transferrin to become saturated and resulting in the presence of unbound iron in the portal system. The variation in uptake between different samples of the same tissue is striking. This value in liver sample no. 1 was very low, being only 0 012,ug iron/ 100 mg tissue, while in liver no. 27 it was 2 312 ,tg iron/100 mg tissue. A similar variation was noted between samples of thyroid tissue: eg, in sample no. lIthe uptake was negligible while in sample no. 14 it was 0 215,ug iron/100 mg tissue.
A feature which possibly had some bearing on this in the liver samples was that heavy deposits of stainable iron were found in the hepatic cells of sample no. 1, whereas in sample no. 27 there was no stainable iron because the patient was suffering from severe iron-deficiency anaemia. This explanation could not, however, account for the variation in uptake by the thyroid samples, as stainable iron was not found in any of the thyroids tested. In thyroid the variation in uptake may be in some way related to activ ty of the thyroid follicles, because in sample no. lIthe follicles were very large and distended with colloid whereas in sample no. 14 the follicles were small and fairly normal looking.
Experiments by Saltman, Fiskin, and Bellinger (1956a), using rat liver slices, showed that ionic iron diffused into the hepatic cells and became bound to some entity within the cell. Further work by Saltman, Fiskin, Bellinger, and Alex (1956b) seemed to indicate that ferritin was the iron-binding entity. It seems, however, unlikely that variation in ferritin content is responsible for the variation in iron uptake in different samples of the same tissue because the uptake by the spleen sample from transferrin 90 % saturated with iron was very small and spleen is known to be rich in ferritin (Granick, 1957; Bothwell and Finch, 1962; Harrison, 1964; MacLennan and Lewis, 1967) .
Experimental work on rats (MacDonald, Jones, and Pechet, 1965) showed that folic acid deficiency associated with a diet rich in iron resulted in extrahepatic parenchymal deposits of iron. Rats on an iron-rich diet without folic acid deficiency did not have extrahepatic parenchymal iron deposits, even though in both groups there was a high percentage saturation of transferrin.
If folic acid deficiency alone were responsible for the extrahepatic epithelial deposits of iron it would be difficult to explain the results found in the present investigation. The results could be reconciled if folic acid deficiency caused an increased uptake of iron from serum only when the percentage saturation of transferrin was high and that all of the patients whose tissues were used in the present experiment were to some extent folic-acid-deficient. In such circumstances the folic acid deficiency theory of MacDonald et al (1965) would be compatible with the results found here. Indeed a variable degree of folic acid deficiency in the patients chosen for the experiment may have been responsible for the variability in iron uptake found in different specimens of the same tissue.
The findings appear to confirm previous evidence (Buchanan, 1967 ) that extrahepatic parenchymal deposits of iron in Bantu subjects with siderosis are at least partly dependent on high percentage saturation of transferrin. It seems possible that other factors, such as iron content of the cells, folic acid deficiency, or other metabolic activity of the cells, may also be important.
